In this article the principles of measurements of hyperfine interaction parameters at a given depth in a sample are presented. The advantages and the limitations of the Mössbauer spectroscopy, perturbed angular correlations and nuclear magnetic resonance are described.
Introduction
The surface is defined as a boundary between a solid state and a vacuum. The break of symmetry, characteristic of any crystallographic structure, occurs here. Certainly, it is accompanied by a change of physical values, which depends on the local surrounding of nuclear probes. It is, for example, a change of the energy of atomic nuclei, caused by the interaction of their electromagnetic moments with internal magnetic fields and electric field gradients, i.e. hyperfine interaction [1] . The most often applied method are: the Mössbauer spectroscopy (MS), time-differential perturbed angular correlation (TDPAC) and nuclear magnetic resonance (NMR). Hyperfine interactions have a local character. It means that they depend only on the nearest surrounding of nuclear probes and on their configuration. During the deposition of atoms or molecules at the solid state surface, a change of the greater part of parameters occurs in several monolayers. It causes the interest in a study of monatomic layers. From physical point of view, the deposited layer is a structure with a diminished dimension; twodimensional on a boundary between solid state and vacuum. The interaction between deposited atoms (nuclear probes in our case) occurs simultaneously through both media. It differs from the interaction between unbounded atoms and between atoms admixtured in a bulk.
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The Mössbauer spectroscopy in situ
In the study on surface (being understood at large), the observation of hyperfine interaction dependence on the depth of nuclear probes location is of importance. The most reliable results are obtained by their direct location at a given depth by growing from molecular beam. This method assures a well-defined and almost ideal surface. But it makes high technological demands. The necessary condition is to produce and to keep a vacuum better than 10 -8 Pa during the sample preparation and during the measurement.
The ule of this method may be presented by an example of a Mössbauer isotope 57Fe. Because of a small value of cross-sections for scattering of γ-radiation (14.4 keV) in Fe, in photoelectric (σph) and Compton (σC) phenomena, the dominant role is played by the resonant absorption (σ0). Since σ/(σp h σC) ≈ 300, the absorption of the Mössbauer radiation is resonant, in practice, and occurs only in the 57 Fe layer (Fig. 1 ).
The sensitivity of this method can be increased by a registration of electrons instead of γ-radiation, due to large coefficient of internal conversion αtot = Ne/Nγ ≈ 8.2. For registration of conversion electrons, the amount of Fe atoms equal to 10 13-10 14 per cm2 is sufficient. It stands 0.1-0.01 of monolayer. However, the measurement needs about one day. After such time it is difficult to speak about "pure" surface even in a vacuum 10 -1 0 Pa.
At present, measurements of the Mössbauer spectra are performed mainly for 57Fe, 119sn, and 151 Eu.
Depth selective conversion electron Mössbauer spectroscopy (D CEMS)
Another possibility to measure the dependence of hyperfine interaction parameters at different depths of nuclear probe is the Mössbauer spectroscopy of nuclear radiation, emitted by the deexcitation of 14.4 keV state in 57Fe. It consists of some groups of internal conversion electrons (K, L, M), Auger electrons (K-LL, L-MM), γ-radiation and X-rays (K, L) of various energy and intensity. Because of different values of absorption of electromagnetic and corpuscular radiation, the layer at various depths can be measured. The Mössbauer spectroscopy of γ-radiation gives information about internal fields in a bulk sample, while registration of X-rays allows to study layers of 10-15 μm thick.
From measurements of electrons of internal conversion, new quantitative information can be obtained about near-surface layer of homogenic samples of bulk type. After all, about 90% of all electrons in a standard iron sample came from a layer of thickness about 100 nm. The depth of electron penetration range can be estimated from the well-known formula where μ is an absorption coefficient of an electron beam in medium.
In the c as e of electrons with kinetic energy 5-25 keV the following empirical relation is useful [2] :
where d is the density of medium [g/cm 3] and E is the initial energy of electrons [keV] . Thus m is expressed in nm -1 .
A direct application of formula (1) is impossible because of statistical character of electron scattering in solid state. The angular distribution of the converted electrons and Auger electrons generated in the sample is isotropic. Moreover, electrons emitted from nucleus, which are located at a given depth, reach the surface along incidental way. The simulations of electron trajectories with different energies in Fe matrix were performed in [3] . In spite of this, in nonresonant scattering of γ-radiation (by atomic shell), electrons with anisotropic angular distribution are emitted. In photoelectric phenomena, for small value of γ-quanta, the angular distribution of electrons is described by a function f (θ) ≈ sine θ , where θ is an angle between γ-ray direction and momentum vector of photoelectrons. In the Compton scattering, a well-known angular dependence occurs.
The theory and experimental technique of DCEMS studies were developed mainly by Liljequist and coworkers [3] for 57Fe. It assumes a relationship between the final energy of electrons and the path passed by them in a sample. It is necessary to determine the energy of electrons of the Mössbauer spectrum with high accuracy. It is not easy, remembering that the energetic selection for a high-transmission spectrometer is difficult. The probability of registration of electrons belonging to the definite group (for example K) with the kinetic energy Ek ± dEk, emitted from a depth x to the solid angle on the surface G ± dG is determined by the function Tk(x, G, Ek)dGdEk. These functions for various x, for fixed Ek and G, are called weight functions. Knowledge of weight functions for the medium under study is an example of application of a given method, especially when we want to know the exact value of the depth x from which our electrons come. The justification requires a preparation of some samples, in which the resonant isotope is placed at given depth. Sometimes only a knowledge of changes of the hyperfine interaction parameters is sufficient.
Scattering of the Mössbauer radiation at glancing angles (GA-DCEMS)
Scattering of the Mössbauer radiation which is incident at the surface at small angles (near the critical angle) is worthy of notice. The wavelength of the Mössbauer radiation is comparable with a lattice constant. Thus, a crystal lattice may be treated as a three-dimensional diffraction grating. Under the scattering of electromagnetic radiation a coherent multiplication of waves scattered by individual atoms takes place. As a result of it, the diffracted wave becomes coherent with the incident wave. Interference of the incident wave and of the reflected one leads to the total internal reflection. It happens closer and closer to the surface as the angle decreases. This method allows to perform measurements for any sample with a properly smooth surface and it requires an intensive collimated beam of the Mossbauer radiation. Figure 2 shows a schematic experimental equipment.
The angular dependence of a reflected beam R(θ) and of an incident beam T(θ) is given by the relations known from wave optics [4] : where In these formulae T(θ, x) means the intensity of the wave field in a sample at the depth x, θ is an incident angle, x = x + ixi is a complex coefficient of the medium polarization, q( θ) is the attenuation coefficient and λ is the wavelength of incident radiation.
Because the depth penetration of γ-radiation is rather long, this method is not applicable to the assignment of a task. However, one should exercise a possibility given by the registration of low-energy electrons which reach the surface. One can normalize, for a given angle, the amount of electrons of definite energy which reach the surface to the amount of electrons obtained under the perpendicular incidence of γ-radiation where P(x) is the transmission function in request. Of course,
The angular dependence of the emission of electrons reaching the surface from deeper layers of the sample (with lower energies) will be diminished in comparison to the emission of electrons from near-surface layers (high energies). This method is not elaborated properly. A widespread application of it requires some improvements and new developments, mainly as far as numerical description of experimental data is concerned.
At present, the most valuable results are obtained by a deposition of nuclear probes on the surface or at a definite depth. This manner is commonly carried on not only in the Mössbauer spectroscopy but also for the measurements of time differential perturbed angular correlations (TDPAC) and of nuclear magnetic resonance (NMR).
Because the hyperfine magnetic fields in twodimensional structures as the subject matter were presented during the previous conferences devoted to surface physics, we will focus our attention on the multilayer stuctures.
Recently, investigations are concentrated on the propagation of the ferromagnetic ordering in the structures with an artificially constucted periodicity. This idea is applied to the creation of artificial fields and to modification of magnetic properties of initial elements and of thin films of alloys.
Multilayer stuctures of iron and rare-earth elements are most often studied [5] . We paid much attention to Fe-Al system. The investigation started with the multilayered stuctures Fe-Al. The multilayered films were prepared by sequential deposition of two elements. Al layers of constant thickness 32 Å were placed between Fe layers of stable thickness varying from sample to sample. Each of the samples was covered by. Al coat 300 Å thick to protect it against oxidation. The deposition was performed in ultra high vacuum conditions, with the mica plates as the substrata.
The Mössbauer measurements reveal that ferromagnetic ordering occurs when the Fe layers thickness is equal to 16 Å, at least. It results from the ratio of amplitudes of the Zeeman sextuplet that ferromagnetic domains are initially arranged in the plane of the sample. At the Fe layer thickness equal to 32 Å the process of random orientation of domains occurs.
Application of time dif ferential perturbed angular correlations γ-γ (TDPAC)
It appears that for the investigation of the surface by TDPAC method the sufficient concentration of nuclear probes 111 In is of the order of 10 -4 monolayer (ML). It means two orders of magnitude lower than requirements of CEMS. It is clear because during the time of measurements comparable to the half-life [T1/2(111In) = 2.8 days] almost each nuclear probe gives a signal which can be registered.
The 111In isotope is widely applied to measurements of quadupole splitting. The electric field gradient at a surface is a result of the broken symmetry of the solid at the surface and therefore it depends on the surface orientation. This is confirmed by the results of Klas et al. [6] .
Very interesting question is the temperature dependence of the electric field gradient at the surface and its behaviour in the bulk. In many bulk materials of noncubic stucture this temperature variation exhibits a T 3/ 2 dependence. It is commonly accepted that the mean-square displacement of nuclear probes and their immediate neighbours are responsible for this effect. At the crystal surface the twodimensional stucture gives rise to an anisotropic vibrational behaviour resulting in anisotropic displacements of the surface atoms. That should influence the temperature dependence of the surface field gradient. Such a reasoning is confirmed by the experimental results. They indicate a linear temperature dependence where a constant B is of the order of 10 -4 K -1 .
A similar temperature dependence for the electric field gradient has also been noticed for some of bulk materials, for example NbSe2 , which has a quasi-two--dimensional layer stucture. However, some deviations from the linear dependence of the electric field gradient at a surface have been observed for 111In on Cu (100) [6] .
TDPAC method allows the observation of nuclear probes behaviour after their deposition on the real surface, for example [6] .
Application of NMR method o the surface study
Application of NMR method to the surface study is difficult. The detection of population of the splitted sublevels for resonance frequency requires high amount of nuclear probes. It is known that the amount of attainable probes may be smaller than amount of atoms in the monolayer (on the average about 10 15 atoms/cm2). This is too little for the application at traditional solutions.
In the first measurements the crumbled samples with small size of the grains were used. It secured the suitably high ratio of atoms placed at the surface to these placed in the bulk. It was assumed that the detected signal originated from the developed surface.
Some improvements allowed direct measurements for the single crystal. The results obtained for 23 Na deposited at the tungsten surface may serve as an example [7] . Parameters of the electric field gradient tensor depend on the surface
Summary and perspectives
The method in situ is the simplest and the most reliable method of measurements of hyperfine interaction parameters. It allows a study of properties of superlayers and multilayers. Application of this method requires a subtle technique of preparation of monoatomic layers with a coating close to one. There exist possibilities to produce and to study magnetic stuctures with reduced dimension, i.e. ultrathin fihm monolayers (2D) and linear chain (1D) . Surprisingly, early studies [8] reported that Fe, Co, and Ni surface layers were magnetically "dead". Now it is well-recognized that environments with few nearest neighbours and hence weaker interatomic hybridization are conductive to enhanced magnetization [9] .
At the same time, a great development of theoretical methods is observed. They are able to predict, basing on the first principles, the greater part of observed effects [10, 11] . It seems that the most effective method to calculate the electronic stucture is the method of full potential linearized augmented plane wave (FLAPW). It is suitable for thin layers as well for bulk structures. Knowledge of electronic stucture allows to determine magnetic moments of individual atoms, energies of magnetic anisotropy as well as parameters describing the hyperfine fields.
In the future, perhaps ultrathin layers will be applied as an information carrier, because of magnetization which is perpendicular to a layer plane. It occurs frequently in ultrathin epitaxial Fe layers [12] , as a result of the break of symmetry and surface anisotropy.
